The optical resonance of a three-level system of the strongly correlated electrons in the twolevel semiconductor quantum dot interacting with the linearly polarized monochromatic electromagnetic radiation is studied. With the application of the Green function method the expressions of the state vectors and the energies of the stationary states of the system in the regime of the optical resonance are derived. The Rabi oscillations of the electron populations at different levels as well as the Rabi splitting of the peaks in the photon emission spectra are investigated.
INTRODUCTION
The electronic structure of semiconductor quantum dots (QDs) and the electromagnetic interaction processes of the strongly correlated electron systems in these nanostructures were widely investigated. In many theoretical and experimental works the formation and the radiative recombination of the excitons and the biexcitons as well as the electron-electron interactions, including the exchange interaction, in the direct band gap semiconductor QD were studied. If between two states of the electron system in the QD the radiative transitions are allowed then at the electromagnetic radiation frequency in the range of the resonance with these transitions the optical resonance phenomenon with the Rabi oscillations of the populations of these states occurs, as in the case of the optical resonance of the two-level atomic systems [1] . The Rabi oscillations in the semiconductor QDs were studied in many experimental and theoretical works [2 -18] . The Rabi oscillations in the four-level double structures were recently investigated [19, it shortly the two-level semiconductor QD. Even in this simplest semiconductor QD the electron system cannot be always considered as the analogy of a two-level atomic system containing only one electron, because the QD may contain not only one electron, but also two or three electrons. For example, the linearly polarized monochromatic electromagnetic radiation with the frequency in the range of the optical resonance generates the Rabi oscillations between the ground state of the QD (that without any electron and any hole) and some exciton state as well as between this exciton state and the biexciton one. These three states form a three-level system and there must be some influence of the biexciton on the Rabi oscillations between the ground state and the exciton state, as this was discussed by many authors [2, 7, 8, 12, 18] . The twophoton Rabi oscillations of the biexciton were observed in a recent experimental work [14] . The theory of the Rabi oscillations of the three-level system "ground state-exciton-biexciton" in the two-level disk-shaped semiconductor QD interacting with the linearly polarized monochromatic electromagnetic radiation will be presented in this work.
In the theory of the optical resonance in a two-level atomic system the optical Bloch equation was established and analytically solved [1] . Similarly, for the study on the Rabi oscillations in semiconductors the semiconductor Bloch equations [23 -31] together with their approximate and numerical solutions were used. In the present work instead of using the semiconductor Bloch equations for the QD we shall apply the Green function technique.
In Sec. 2 the eigenstates and the corresponding eigenvalues of the Hamiltonian of the Hubbard type of the electron system in a two-level semiconductor QD with the strong Coulomb interaction between the electrons as well as with their anisotropic exchange interaction will be given. It will be shown that beside of several pairs of eigenstates which can be considered as the analogies of a two-level atomic system there exist also a triplet of three eigenstates which must be considered as a three-level system. The Green function technique for the study of the Rabi oscillations in this three-level system will be presented in Sec. 3. The analytical expressions of the Green functions are derived exactly, all Rabi oscillations are found and the algebraic equations determining the Rabi frequencies are established. In particular, the influence of the biexciton state on the optical resonance between the ground state of the QD and the exciton state as well as the two-photon Rabi oscillations of the biexciton will be investigated in details. The Rabi flopping of the populations between different levels of the electron system and the structure of the photon emission spectrum as well as the polarization properties of the emitted photons are studied in Sec. 4 and Sec. 5. We use the unit system with ħ
STATE VECTORS AND ENERGY SPECTRUM OF THE ELECTRON SYSTEM
We consider the simplest model of the semiconductor QD with two discrete energy levels (in the conduction band) and (in the heavy-hole valence band). Denote and
the annihilation and creation operators of the electrons with the spin projection at these levels and assume the Hubbard form expression of the Hamiltonian of the electron system in the QD:
In the QD there exist 16 different states of the electron system: -One state without any electron at both levels -the vacuum state 0 with the vanishing energy.
In the electron-hole formalism it is the state of two holes. . In the electron-hole formalism it is the state without any hole and with two electrons.
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In the presence of the interaction between the electrons in the QD and the monochromatic electromagnetic wave having the frequency 0 ω in the resonance with the radiative transitions between two discrete energy levels the stationary states of the electron system in the QD must be changed due to the appearance of the Rabi oscillations. Since we are interested only in the resonant radiative transitions we shall neglect the terms in the interaction Hamiltonian which give no contribution to these resonant transitions. This is the rotating wave approximation (RWA).
The concrete expression of the interaction Hamiltonian depends on the polarization properties of the electromagnetic radiation. We shall study the two-level QD interacting with the electromagnetic radiation linearly polarized in the direction of the axis Ox. In this case the matrix elements of the transitions , , , 
Following the earlier work [22] we eliminate the explicitly time-dependent factors in the interaction Hamiltonian by means of the unitary transformation 
Therefore two pairs of one-electron states and two pairs of three-electron states are four twolevel systems, while the set of three two-electron states and . Therefore the Rabi frequency of the optical resonance in the two-level system of three-electron states is the same as that of the one-electron states.
GREEN FUNCTIONS AND RABI OSCILATIONS
For the study of the optical resonance of the systems of two-electron states in the QD we introduce the two-particle Green functions 
The system of differential equations for the Green functions (9) was derived with the use of the total Hamiltonian (7) ( 2 ) )( (1 ) )( ( 2 ) )( (1 ) )( ( 2 ) ( 21 ) )( ( 21 ) )( ( 2 ) 
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E in the expressions (12) - (17) of the Fourier transforms of the twoparticle Green functions are the eigenvalues of the total Hamiltonian (7). Denote 22 
The eigenstates of the Hamiltonian (5) of the electron system in the QD in the absence of the interaction with the electromagnetic radiation are three linear combinations of them 22 
Calculating the Fourier transforms of the two-particle Green functions (9) with the use of the relations (18) and comparing the results with the expressions (12)- (17) we obtain ; ) )( ( 2 ) )( ( , ) )( ( 2 ) )( ( , ) )( ( 2 ) (  (   12  22  11  22   22  22  11  22  2  23   22  12  11  12   22  12  11  12  2  22  22  11  12  11   22  11 11E E E a 
The formulae (18) - (24) and (26) would be needed for the study of the resonant photon emission from the QD in the optical resonant regime as well as the photon absorption induced electron transport through the QD.
Usually the biexciton has a non-vanishing binding energy. Therefore, three types of radiative transitions and 11 22 11 12 12 22 ,
cannot be simultaneously at the resonance: if one type of transition is at the resonance, then the others are only near the resonance. For the study of the Rabi oscillations between the ground state of the QD and the singlet exciton state we consider the special case when the radiation frequency 0 ω is tuned to the value at the resonance with the transitions between them:
In this case 22 12 E E s = and the equation (11) becomes (27) . 0 ) 2 ( 2 ) ( ) ( (28) and from the expressions (19)- (24) we obtain following approximate values of the coefficients in the transformation (18): (29) The formulae (28) and (29) show that if the small terms of the order δ λ and higher are neglected then the pair of the ground state of the QD and the singlet exciton state behaves at the resonance like a two-level atomic system but with the Rabi frequency , 2 2 λ ≈ Δ (30) which is 2 times larger than the value of the Rabi frequency of the two-level system of oneelectron state and (with a given spin projection
That is because the linearly polarized electromagnetic radiation induces the resonant transitions of both electrons in the twoelectron states and therefore the intensity of the transitions between the two-electron states is twice of that of the transitions between the one-electron states . (31) and instead of the formulae (29) 
The formulae (31) show that in this order there are two different Rabi frequencies Now we consider another special case: the resonant two-photon transitions between the ground state of the QD and that of the biexciton [14] , when the radiation frequency 
Equation (11) (37) The formulae in the case 0 < δ can be derived in a similar manner.
It is interesting to consider the QD with the vanishing biexciton binding energy:
In this case the equation (11) (42) This means that in the case of the QD with the vanishing biexciton binding energy the radiation frequency 0 ω can be tuned to the resonance with both types of radiative transitions , as well as to the resonance with the two-photon transitions and therefore there exist all three types of level mixings: between the QD ground state and the singlet exciton, between the singlet exciton and the biexciton, and also between the QD ground state and the biexciton. Note that the resonance Rabi frequency (41) of the three-level system of two-electron states is twice of that of the two-level system of one-electron states. (45) and that of the pairs each of which consists of one electron at the upper level and another electron at the lower one . 
At the resonance of the two-photon transitions between the ground state of the QD and that of the biexciton [14] , , they are expressed in terms of the Rabi frequency (36) and the constant 22 11
In the case 0 > δ the formulae (44), (47) and (48) In the experiments usually the dependence of the population on the pulse area was measured. From the formulae (45) - (48), (50) -(53) it follows the similar oscillations of this physical observable quantity.
In the special case of the vanishing biexciton binding energy ( 0 = δ ) and at the resonance of both types of radiative transitions: between the ground state of the QD and the exciton as well as between the exciton and the biexciton, where the effective coupling constant g is proportional to the matrix element of the dipole transition of electrons between two discrete energy levels. The terms not contributing to the photon emission assisting the transition of the electron from the upper level to the lower one as well as to the inverse process are not included in the expression (57).
Between three two-electron states 22 12 11ã nd , Φ Φ Φ there exist 6 photon emission assisted transitions. It can be shown that the photons emitted from all these transitions are linearly polarized along the axis Ox. The rates of these transitions and the energies of the emitted photons are , , ) ( , 12 
Together with six photon emission processes considered above there exist also three photon emission assisted transitions from the states 22 12 11ã nd , Φ Φ Φ to the state . It can be shown that the emitted photons are linearly polarized along the axis Oy. Their rates and the corresponding photon energies are 
The intensities of the spectral lines are proportional to the products of the transition rates and the populations of the corresponding initial states . In the special case of the resonance between the biexciton and the ground state of the QD from the formulae (34) and (37) with some constants C, the resonance Rabi frequency Δ being determined by the formula (36) . If the constants λ and δ have the magnitudes of the same order, then the rates of all nine abovementioned transitions are comparable.
However, if the radiation frequency 0 ω is tuned to the value corresponding to the resonance between the singlet exciton and the ground state of the QD, , 22 12 E E s = then there appears another spontaneous photon emission spectrum. Suppose that 1 << δ λ .
From the formula (29) it follows that in this special case the transition rates (59), (62), (63), (65) and (66) as well as the population of the initial state 11 Φ of the transitions in the formulae (58) and (64) 
The damping of the Rabi oscillations due to the electron-phonon interaction was studied in several works [6, 9, 11, 13, 16, 18] . However, the electron-phonon interaction in the QD is not only the origin of the damping of the Rabi oscillations. It might cause also the change of the photon emission spectrum: some spontaneous photon emission processes are suppressed by the fast exciton relaxation and there appear some new ones, because beside of the states 22 , then the above-mentioned suppression of the radiative transitions does not take place.
CONCLUSION AND DISCUSSIONS
The theory of the Rabi oscillations in the strongly correlated electron system of the two-level semiconductor QD based on the Green function method was presented. The three-level system of the two-electron states in the QD interacting with the linearly polarized electromagnetic radiation was investigated in details. The Rabi flopping of the populations of different states and the Rabi splitting in the photon emission spectra were considered. The structures of the emission spectra depend on the relative magnitudes of the biexciton binding energy δ 2 and the effective 177 coupling constant λ as well as on the magnitude and the sign of the fine-structure energy splitting constant of the excitons due to the asymmetry of the QD. In many experimental works [7, 14, 32 -34] the QDs with the biexciton binding energies in the range from 2,5 meV to 3,5 meV were investigated. With the intensities of the pumping electromagnetic radiation used for the study of the Rabi oscillations in QDs the coupling constant λ has the magnitudes in the range 50 -100 µeV [3] . Therefore usually we have 1 << δ λ . On the other hand the magnitudes of the fine-structure energy splitting constants of the excitons in the QDs investigated in different experiments [2, 8, 33, 34 -37] have different values in a wide range from 6 µeV to 150 µeV. Note that if we change the linear polarization of the pumping electromagnetic radiation from the direction along the axis Ox to that along the axis Oy then the roles of two exciton states and with the energies Thus we have shown that the photon emission spectra of the two-level semiconductor QDs at the optical resonance regime have various structures depending on the biexciton binding energy and the degree of the asymmetry of the QD as well as on the choice of the resonance frequency. Until now mainly the QDs with the biexciton binding energies in the range from 2,5 meV to 3,5 meV were investigated [7, 14, 32 -34] . In a recent experiment [38] a QD with the biexciton binding energy 1,2 meV was fabricated. According to the calculations in the theoretical works [22] the biexciton binding energy may be negative. The blueshift of the biexciton luminescence line was also observed [39] . This means that the fabrication of the two-level semiconductor QDs with the biexciton binding energies in a range of several hundreds µeV and with different degrees of asymmetry is possible and would contribute significantly to the experimental study of the optical resonance in the electron system of the QDs.
We have considered the semiconductor QD with the simplest electronic structure. In the reality instead of each bulk semiconductor energy band (conduction band or valence one) there is a set of different discrete energy levels in a semiconductor QD [40 -45] . Therefore in each semiconductor QD there exist several exciton states called the "bright" excitons with the allowed dipole radiative transitions to its ground state. Although in the QD with the strong electron confinement the influence on the Rabi oscillations of an exciton state by other ones at the exact resonance may be neglected, as we have shown in an example in Sec.3, the existence of many exciton states as well as the presence of the wetting layer might cause a significant change of the photon spontaneous emission spectrum. Moreover usually the spin structures of the wave functions of the discrete energy states in the semiconductor QDs [40 -45] are more complicated than the simplest one in the model considered in the present work. The Rabi oscillations in the semiconductor QDs with the complicated electronic structures of both abovementioned types will be studied in the subsequent works with the application of the method elaborated in this work.
